: how are ribosomes targeted to the ER? What are the functions of ER-bound ribosomes?
In the decades since these initial discoveries, our understanding of ER-localized mRNA translation has coalesced around one model. In this model, the translation of mRNAs encoding secretory or membrane proteins is initiated in the cytosol, and the mRNAribosom e complexes are selectively recruited to the ER membrane, concurrent with the emergence of a topogenic signal -either a signal sequence at the amino terminus of the nascent polypeptide chain or a transmembrane domain (FIG. 1a) . Continued research into the mechanism of selective ER localization of mRNA led to one of the most important discoveries of the era: the identification of the signal recognition particle (SRP) [8] [9] [10] The SRP is a conserved ribonucleoprotein complex that binds early in translation to the hydrophobic core domain that is characteristic of all topogenic signals and directs the co-translational targeting of the ribosome-mRNAnascen t polypeptide chain complex to the ER 8, 9 . This targeting process is mediated by a cognate SRP-interacting ER membrane protein complex, the SRP receptor, and is sequentially coupled to the binding of the translating ribosome to the protein-conducting channel in the ER membrane 6, 7, 11, 12 . As this pathway operates through a positive selection mechanism, ribosomes engaged in the translation of cytosolic proteins, which lack topogenic signals, are not recruited to the ER and thus remain in the cytosol. Notably, this mechanism is entirely consistent with early models positing that newly exported mRNAs undergo translation on cytosolic ribosomes and, in the case of ribosomes translating signal sequence-encoding mRNAs, then undergo co-translational targeting to the ER 13 . As a reflection of the extensive and advanced mechanistic elucidation of SRP pathway function, this model has received extensive and rigorous experimental support and has enjoyed widespread acceptance.
Current views regarding mRNA translation on the ER largely reflect our understanding of the SRP pathway and its capacity to selectively localize mRNAs that encode secretory and membrane proteins to microsoma l vesicles in vitro 5, 8, 9 . In this Review, we return to the very beginning of the field, to questions first posed 
Microsomal vesicles
Vesicles that are derived from the endoplasmic reticulum and that are commonly used for in vitro studies of translation and protein translocation.
by Palade and co-workers: are ER-bound ribosomes limited to the translation of secretory and membrane protein-encoding mRNAs? Or is there a broader role for bound ribosomes in mRNA transcriptome expression? The notion that ER-bound ribosomes could have activity beyond the synthesis of secretory and membrane proteins, a possibility suggested by Siekevitz and Palade early in their investigations into the mechanism of protein secretion 14 , has more recently found support with the advent of new biochemical, cell biological and transcriptomic approaches to the study of mRNA translation in vivo. Considerable data now reveal a diverse role for the ER in mRNA translation, in which ER-bound ribosomes function in the synthesis of a broad fraction of cellular proteins, including both cytosolic and ER-targeted proteins (FIG. 1b) . Surprisingly, continuing investigations into the in vivo mechanism of ribosome binding to the ER showed that ribosome traffic to the ER is only weakly coupled to the protein synthesis cycle of initiation, elongation and termination [15] [16] [17] . These findings, together with recent data demonstrating an ER localization of many factors that bind and regulate mRNAs and their translation, suggest a biochemical and regulatory ER translation environment that is distinct from the cytosol. Very recent reports also reveal that the ER-associated translational system is dynamic, with the capacity to rapidly reorganize in response to cellular stimuli or stress 18 . Taken together, these developments point to a need for re-examining our understanding of how mRNA translation is spatially organized and regulated in eukaryotic cells. In this Review, we discuss a newly emerging model for mRNA translation on the ER, whereby the ER is a primary site of general protein synthesis, as well as a site with exquisite regulatory functions that can selectively influence specific mRNAs by several mechanisms. This new model contributes to the ever-expanding richness of post-transcriptional gene regulation and adds an important new variable of ER localization into the consideration of how the translation of an mRNA may be regulated.
Compartment-selective mRNA translation
In the landmark study 19 that first described the ribosome, Palade noted that these newly discovered particles had a "particular affinity for the endoplasmic reticulum". Moreover, in cells with extensive ER networks (so-called 'professional secretory cells'), ribosomes were observed to be predominately associated with the ER. For example, in a pancreatic acinar cell, a cell type that is largely devoted to the secretion of digestive enzymes, ribosomes are mostly ER-bound, with few located in the sparse cytosol 19 . By contrast, cells with a less demanding secretory role, such as intestinal epithelial cells, generally have a less extensive network of ER and thus a smaller relative fraction of ER-associated ribosomes 19 . These observations led to the conclusion that the ER was the site of secretory and membrane protei n synthesis. for translational compartmentalization that has been generally accepted since the discovery of the signal recognition particle (SRP) is presented. Translation initiation begins in the cytosol. Ribosomes translating mRNAs encoding cytosolic proteins that lack a topogenic endoplasmic reticulum (ER)-targeting signal remain in the cytosol. By contrast, ribosomes translating mRNAs that encode a protein containing a signal peptide or a transmembrane domain (such as secretory and integral membrane proteins) are targeted to the ER co-translationally by the SRP. Briefly, following translation initiation in the cytosol, the emerging topogenic signal serves as a targeting signal to the ER. Following docking on the ER translocon, the secretory and membrane proteins are translocated across or into the ER membrane. Upon completion of protein synthesis, ribosomal subunits are recycled into the cytosol. b | A pan-transcriptomic role for the ER in mRNA translation is depicted. Translation initiation can occur directly on the ER. Moreover, mRNAs that encode cytosolic proteins can also be translated by ER-bound ribosomes. Thus, a large fraction of the proteome can be translated by ER-associated ribosomes. Such a diverse and selective translation of mRNAs redefines this ubiquitous organelle as a primary site of proteome synthesis in the cell. Ribosomes translating mRNAs encoding cytosolic proteins associate with the ER via an unknown ribosome receptor (indicated by the question mark). It is well established that the ER is a prominent site of mRNA localization and that secretory and integral membrane proteins are synthesized on ER-bound ribosomes 3, 14 . However, the question of whether the bound ribosomes of the ER are devoted entirely to secretory and integral membrane protein synthesis has received scant attention. Through the lens of history, this is surprising to a degree. In their seminal studies, Siekevitz and Palade noted that ER-bound ribosomes also seemed to be engaged in the synthesis of 'non-exportable' proteins 14 , an observation that was later supported by biochemical studies 20 . This rather puzzling observation was again raised by Palade in his Nobel lecture 3 , in which he noted that both cytosolic and ER-bound ribosomes "carry newly synthesized proteins irrespective of the latter's final destination". An obvious and appropriate concern, Box 1 | In vitro reconstitution of mRNA localization to the ER The development of a robust in vitro reconstitution system of the protein translocation reaction stands as a prominent milestone in the field and one that enabled the discovery of the signal recognition particle (SRP), the SRP receptor and the functional analysis of translocon components, most prominently the SEC61 protein conducting channel complex [8] [9] [10] [11] [12] 71, 119, 120 . An in vitro translation extract, typically derived from wheat germ, is supplemented with an mRNA encoding a secretory protein and rough microsomes in the presence or absence of added SRP (see the figure, part a). Translating free ribosomes are only recruited to the rough microsome when the SRP is present, and the nascent polypeptide chain is translocated across the microsomal (endoplasmic reticulum (ER)) membrane. Thus, this assay system reconstitutes a cytosol-to-ER pathway for the selective localization of signal sequence-encoding mRNAs to the ER, which is consistent with earlier proposals that translation of secretory and membrane proteins is initiated on cytoplasmic ribosomes 13, 119, 120 . However, the question of whether the SRP-dependent pathway is the sole mechanism for selective localization of mRNAs to the ER remained unanswered. Using variations of this basic assay system, this question was addressed in subsequent experiments. In one variation, the translation extract was depleted of ribosomes by ultracentrifugation, and the capacity of ER-bound ribosomes to participate in de novo translation was investigated. Under these experimental conditions, native ERbound ribosomes participated in de novo translation and, notably, translated mRNAs irrespectively of whether they encoded a signal sequence 15, 17, 96 . In a further variation (see the figure, part b) , rough microsomes were subjected to mild proteolysis to inactivate SRP receptor function. Translation initiation of mRNAs encoding signal sequences still occurred in the absence of the SRP receptor, mediated by ER-bound ribosomes, and their encoded proteins were translocated 15, 17, 96 . Nature Reviews | Molecular Cell Biology and one that has been discussed and debated early on, is that the presence of mRNAs encoding cytosolic proteins on the ER is due to cross-contamination during cell fractionation. Extensive efforts to address this concern demonstrated that the magnitude of cross-contaminatio n was small and wholly insufficient to account for the magnitude of cytosolic mRNA representation on the ER [21] [22] [23] . This conclusion is in agreement with more recent experiments conducted in Drosophila melanogaster 24 , in yeast 25 and in mammalian tissue culture cells [26] [27] [28] using multiple, independent experimental approaches 29, 30 . With crosscontamination proving to be an insufficient explanation, it becomes of pressing interest to address an alternative interpretation in which bound ribosomes of the ER have a broader role in transcriptome expression than described in current models.
The ER as a primary compartment for translation. What fraction of total cellular translation is associated with the ER? This simple question is perhaps the most fundamental, and even in very early studies the answer pointed to an unexpectedly large fraction 14 . Later work demonstrated that in HeLa and HEK293 cells, approximately half of all ribosomes are ER-associated and a similar fraction of the total mRNA is ER-localized 31 . It is useful to contrast this metric with other well-studied examples of mRNA localization. There are several examples of a particular species of mRNA that localize to discrete areas of the cell; for example, β-actin mRNA localizes to the leading edge of migrating fibroblasts, ASH1 mRNA is found at the yeast bud tip, and oskar and bicoid mRNAs localize to the posterior and anterior poles, respectively, of the D. melanogaster oocyte 32, 33 . These examples illustrate one of the principal functions of mRNA localization: selective targeting of a small number of mRNAs to a discrete cellular locale to enable a specific biological function. Such targeting of mRNAs is often mediated by specific localization motifs (termed 'zip codes') that are encoded in the mRNA, most commonly in the 3ʹ untranslated region 32, 33 . By contrast, the ER extends broadly throughout the cytosol in essentially every cell type, is studded with ribosomes over much of that area and associates with a large fraction of mRNAs and by a diverse range of mechanisms [34] [35] [36] [37] (see below). It is therefore useful to distinguish mRNA localization to the ER from these other modes of mRNA localization; that is, instead of a small number of mRNAs undergoing localization for a specific physiological outcome, localization of mRNAs and translational activity to the ER serves far broader, more general roles in gene expression. Indeed, in a recent study in yeast, ~75% of all cellular translation activity was found to be associated with the ER 38 .
The composite biological functions of mRNA localization to the ER remain elusive. One aspect, the function of the ER as the site of co-translational protein entry into the secretory pathway, is abundantly clear. However, mRNAs encoding membrane and secretory proteins often constitute a small fraction of transcribed genes 39 . For example, in HEK293 cells, such mRNAs represent only ~13% of all mRNAs, yet approximately half of all ribosomes are ER-bound 28 (FIG. 2a) . As noted above, the explanation for this discrepancy is that a large fraction of mRNAs that encode cytosolic proteins are present on the ER and translated by ER-bound ribosomes, as was proposed in the early years of the field 21, 40, 41 and has been revisited more recently [25] [26] [27] 37, 42 . In further support of this view, alternative methods of fractionating cells into their cytosolic and ER-bound components have enabled a precise definition of the partitioning of ribosomes, mRNAs and other factors between these two compartments 29, 31 . , mouse embryonic fibroblasts (MEFs) 18 and Huh7 cells (R. Campos, S. Bradrick, D.W.R., M. Garcio-Blanco & C.V.N., unpublished observations). The histogram shows two distinct populations of mRNAs: one that is ER-enriched and one that is less so. The ER-enriched group of mRNAs tends to encode secreted or membrane proteins, whereas the other group generally encodes cytosolic or nuclear proteins. Importantly, essentially all mRNAs, even those encoding cytosolic proteins, are translated to a significant degree on the ER. b | In the cytosol, the translation machinery primarily synthesizes cytosolic proteins, as depicted by the nascent chains entering the cytosol. Data suggest that translation on the ER is also primarily directed towards the synthesis of cytosolic proteins and not only towards the synthesis of membrane and secreted proteins.
Multi-tRNA synthetase
An assembly of many tRNA synthetases that serves to concentrate the charging of tRNAs with amino acids.
Indeed, these studies have found that mRNAs that encode cytosolic proteins are abundantly present and translated on the ER 28, 31, 42, 43 . These observations have been reported in studies conducted in diverse organisms, over decades, using different methods of cell fractionatio n and mRNA compositional analysis.
A key mechanistic point that cannot be overemphasized is that despite the ER localization of their parent mRNA, the cytosolic protein products are not translocated into the ER but assume their appropriate cytosolic localization 37 . Thus, these findings decouple the ER localization of an mRNA and its translation from the sub cellular destination of its encoded protein. This separation of mRNA localization from protein localization means that mRNAs do not need to associate with the ER or the cytosol in a purely binary manner; a fraction of the population of each mRNA may be represented in each compartment. Indeed, it seems that essentially all mRNAs that encode cytosolic proteins are well represented in both compartments 18, 25, 28, 40, 41 . For an average cytosolic protein-encoding mRNA, approximately half of the mRNA molecules are typically ER-bound, and this number increases in more secretion-oriented, rough ER-enriched cells 28, 31 . These results lead to a surprising conclusion: the majority of translational activity on the ER -75% in HEK293 cells -is directed towards the synthesis of cytosolic proteins (FIG. 2b) . Similarly, mRNAs encoding protein components of other organelles, such as the nucleus and peroxisomes, are well represented on the ER, and those that encode membranetargeting sequences are highly ER-enriched 28 . The only broad exceptions to this rule are mitochondria, which have their own, separate translocation machinery 45, 46 , and tail-anchored and small secretory proteins, which associate with the ER post-translationally 28, 47 . The ER should therefore be considered as a site of general cellular protein synthesis, in addition to its established role as a specialized site dedicated to the synthesis of secreted or membrane proteins.
The ER and cytosol as distinct translation compartments.
As the magnitude of compartmentalization of translation to the ER has become clear, evidence has also begun to emerge that the ER and cytosol represent distinct biochemical environments for translation. Depending on their subcellular distribution, mRNAs may be exposed to distinct pools of regulatory factors and translational components, which may affect protein production. Various translational regulators [48] [49] [50] [51] , ribonucleases [52] [53] [54] and RNA-binding proteins 43, 55 localize to the ER to promote specialized functions. For example, an emerging body of work demonstrates that small interfering RNA (siRNA)-and microRNA (miRNA)-mediate d silencing is highly dependent on the ER; for both transfected s iRNAs and endogenous mi RNAs, the critical processes of RNA-induced silencing complex (RISC) loading, mRNA binding and Argonaute 2-mediated processing occur in association with the ER membrane 51, 56 . This localization has led to the proposition that although most siRNAs and mi RNAs are cytosolic, the ER is the central site for siRNA processing and silencing activity, and cytosolic siRNAs and mi RNAs remain inactive. This compartmentalization subjects mRNAs to distinct regulatory environments, where ER-localized mRNAs are targeted for silencing, whereas the same mRNA in the cytosol may escape.
The environments for protein folding also differ between the cytosol and the ER. A recent study found that aggregates of cytosolic proteins are generated by ER-bound ribosomes and are retained in association with the ER membrane 38 . The mechanism for this preferential aggregation of proteins derived from ER-bound ribosomes is unclear, but it opens the possibility that the folding status of many proteins depends on the localization of its parent mRNA, particularly given that protein structure is highly dependent on co-translational protein folding 57, 58 . These differences could, for example, derive from differences in chaperone concentrations or translatio n rates between ER-bound and cytosolic ribosomes.
The biochemical environment for translation initiation and elongation on the ER also fundamentally differs from the cytosol. Elongating ribosomes on the ER access a distinct pool of tRNAs, which complete entire cycles of charging and discharging all while maintaining ER association [59] [60] [61] . This finding opens the possibility that cytosolic and ER-bound ribosomes could have divergent elongation rates at particular codons, enabling the optimization of translation of particular mRNAs in a distinct compartment. The localization of the multi-tRNA synthetase complex to the ER could further amplify the differences between compartments 62 . In addition to elongation-associated factors, the ER has its own abundant pool of eukaryotic initiation factor 2α (eIF2α) and associated regulatory factors that are bound to the ER independently of ribosomes, raising the possibility that initiation could also be subject to local regulation 31 . The combined result of such compartmentalization is that, on average, mRNAs are more heavily translated by ribosomes and that incorporation of radiolabelled amino acids is enhanced 61 on the ER relative to the cytosol. The emerging picture is that the ER is not only a primary site for translation but a fundamentally distinct compartment for protein synthesis. Accumulating evidence suggests that the ER can perform its translational function with minimal contributions from cytosolic components. Why might evolution select for such compartmentalization? One potential answer lies in the two-dimensional nature of the ER membrane. Collapsing an enzymatic process such as translation into two dimensions probably confers substantial enhancements in enzymatic activity, an idea that is supported by theoretical data 63 . Compartmentalization may be especially relevant given the numerous tightly regulated stages of translation, many of which would rely on the diffusion of large molecules such as ribosomes and mRNAs. Compartmentalizing a multicomponent process onto a membrane surface also raises several additional and interesting questions. For example, if a ribosome and an mRNA are both tethered to the ER, how do components move relative to one another as the ribosome processes along the mRNA? Are there factors that reduce the energetic barrier that results from Nature Reviews | Molecular Cell Biology having to move two ER-tethered molecules relative to one another? Regardless of the answer, we view the localization of translation to the ER as a prominent example of our emerging understanding that cellular components are intricately organized even when not separated by membranes 64, 65 .
Assembling the translation machinery What mechanisms confer localization of translation activity to the ER? In answering this question, it is useful to consider that the primary functional unit of translation is the polyribosome, which comprises an mRNA, an array of ribosomes along that mRNA, a series of nascent chains in the process of synthesis and a diverse set of associated RNA-binding proteins (FIG. 3a) . Any one of these components may, with sufficient affinity, confer association of an entire polyribosome with the ER, and different classes of polyribosomes may associate with the ER by diverse mechanisms that rely on distinct subset s of these binding interactions. The SRP pathway is the best-understood mechanism for conferring ribosome and mRNA association with the ER 8, 9, 66, 67 . During this process, the nascent polypeptide chain serves as a targeting signal for the recruitment of its associated mRNA and ribosomes to the ER, for ribosome binding to the protein conducting channel and for translocation of the nascent poly peptide chain 2, 7, 68, 69 . However, if the SRP pathway is the sole mechanism for directing ribosome and mRNA traffic to the ER, several criteria must be met. First, only mRNAs that encode substrates for the SRP -that is, those that encode transmembrane and secretory proteins -would undergo localization to the ER. Second, ribosome association with the ER should be strictly dependent on, and mechanistically linked to, translation initiation, elongation and termination. From the available data, neither of these points has been borne out experimentally; a broad range of mRNAs associate with the ER, and ribosomes predominately maintain their association with the ER following termination 15, 16, 28, 70 . These findings thus offer the opportunity to consider additional, alternative means of polyribosome recruitment and binding to the ER (FIG. 3b) .
Ribosome binding to the ER.
The decoupling of ribosome binding to the ER from protein synthesis could contribute to polyribosome assembly on the ER 70 . In this scenario, a ribosome could undergo an entire cycle of initiation, translation and termination while retaining ER association, and confer ER localization to its associated mRNA throughout this process. In addition to the identification of several candidate ER ribosome receptors (see below), there is some evidence to support this model. Ribosomes generally remain associated with the ER even after their dissociation from mRNAs, which indicates that ribosome association with the ER, once established, can be independent of both translation and nascent polypeptide chains. Furthermore, ribosomes bound to the ER are competent for de novo initiation of translation of both cytosolic and membrane proteins 17, 31 . These two observations suggest that mRNA localization to the ER is primarily mediated by the translation activity of bound ribosomes. Considering that most translated mRNAs are found in polyribosomes, it can be readily appreciated that functional association with multiple ER-bound ribosomes would confer a stable state of mRNA binding to the ER. This raises, of course, the question of how ribosomes bind to the ER in vivo. A polyribosome may initiate assembly on the endoplasmic reticulum (ER) by any one of its constituent parts. The well-established mechanism for compartmentalizing translation to the ER is the signal recognition particle (SRP) pathway, in which a signal sequence in the nascent polypeptide initiates binding of the ribosome and its elongating polypeptide (FIG. 1a) . Several other modes of ER association for ribosomes and mRNAs have also been described. Ribosomes may associate with the ER independently of their encoded nascent chain and with mRNAs subsequent to their association with an ER ribosome receptor. In addition, RNA-binding proteins can confer direct, ribosome-independent mRNA binding. This system requires that only one of these components bind to the ER to enable assembly of an entire polyribosome, and it is also possible that a polyribosome is targeted to the ER via multiple mechanisms in parallel. b | A general framework for ribosome and mRNA movement between the cytosol and the ER is depicted. There are essentially two transitions that occur: first, the association of an mRNA and a ribosome to form an active translational unit and the corresponding dissociation; and second the movement of each of these components between the cytosol and the ER. The rate at which each of these transitions occurs would vary depending on the mechanism of ER recruitment. For example, in the SRP pathway (FIG. 1a) , the sequence of events is initiation in the cytosol, movement of the translation unit to the ER and finally dissociation of the ribosomes from the mRNA and release into the cytosol. In an alternative model, ribosomes bind stably to the ER and undergo many successive rounds of mRNA translation without release to the cytosol; that is, rates of ribosome binding and release would be lower than those of translational units that are targeted by the SRP pathway. Measurement of these rates for different classes of mRNAs and ribosomes will be essential for understanding the relative importance of various mechanisms for recruiting translation to the ER.
Rough microsomes
Highly purified, translationcompetent endoplasmic reticulum, generally obtained from canine pancreas.
Current views of how ribosomes associate with the ER in vivo are mainly conjecture. This modest understanding of in vivo ribosome-ER interactions is, to a large extent, a consequence of the combined successes in reconstituting protein translocation in vitro and in structural im aging of the ribosome-SEC61 complex [71] [72] [73] [74] . As the protein conducting channel, a ribosome-binding function for the SEC61 complex fulfils a central tenet of the co-translational model of protein translocation across the ER and fits neatly into the accepted model of a dedicated function for ER-bound ribosomes in secretory and membrane protein synthesis 75 . However, with new insights into the diversity of mRNA translation occurring on ER-bound ribosomes, it is appropriate to ask whether SEC61 functions as the sole ER ribosome receptor, regardless of the compartmental fate of the nascent polypeptide chain.
Early approaches to the identification of ribosome receptors focused on reconstituting ribosome binding in vitro 76, 77 . In these studies, rough microsomes were first stripped of bound ribosomes by washing in high salt and/ or EDTA-containing buffers, and the binding or rebinding of isolated, translationally inactive 80S ribosomes were investigated as a proxy assay for in vivo ribosome association with the ER. These approaches demonstrated that 80S ribosomes bind to stripped rough microsomes at low nanomolar affinity and that the large ribosomal subunit bound at higher affinity then the small sub unit 76, 77 . From this simple assay system emerged a confusing and contentious body of literature, in which similar experimental approaches were used to identify many ribosome receptors. For example, one study identified p180, an ER membrane protein with an extensive and highly basic decapeptide tandem repeat motif, as the primary ribosome receptor 78, 79 . Subsequent work challenged this conclusion and assigned ribosome-binding function primarily, if not entirely, to the SEC61 translocon component SEC61α [80] [81] [82] . Importantly, when reconstituted, the purified SEC61 complex displayed both protein conducting channel function and the ribosome binding capacity determined in the prior stripped microsome studies, and so gained wide acceptance as the long sought ribosome receptor 72, [83] [84] [85] . It should be noted that 80S inactive ribosomes -which were used to both characterize ribosome receptor binding interactions and, in some examples, for reconstitution of the ribosome-SEC61 complexes examined by cryo-electron microscopy -are very poor competitors of SRP-dependent ribosome targeting to native microsomes 80, 86 . This raises the concern that the ER membrane binding activity displayed by inactive 80S ribosomes may be distinct from that used by in vivo targeted, translationally active ribosomes. Alternative approaches to the identification of the ribosome receptor or receptors, in which the binding partners of native, bound ribosomes was determined by chemical crosslinking studies, showed that translocon-associated protein subunit-α (TRAPα), ribophorin I, p180 and the SRP receptor are located in close proximity and/or are bound to the ribosome 80, 87, 88 . Furthermore, numerous experimental approaches, including antibody inhibition, have been used to validate a ribosome-binding function for ribophorin I 89, 90 , SEC61β 91 , SEC62 (REF. 92 ), ERJ1 (REF. 93 ) and p180 (REFS 79,94) across yeast and mammals. Combined, these studies paint a confusing picture of ribosome binding to the ER, with SEC61α being widely accepted as the primary (or only) ribosome receptor amid substantial experimental evidence supporting ribosome-binding activity for several other abundant resident ER membrane proteins.
To reconcile the observations of a broad, general role for ER-bound ribosomes in mRNA translation with a conflicting ribosome receptor literature, we first suggest a simple model, whereby many ER proteins separately contribute to the totality of ribosome binding to the ER. In this view, diverse ribosome-binding sites may enable selectivity for structurally distinct subsets of ribosomes, perhaps with different populations of ribosomes being dedicated to the translation of distinct subsets of mRNAs 95 . A system in which ribosomes have structural heterogeneity or multiple ER-binding sites that enable selective binding of distinct subsets of ribosomes, along with translation of distinct cohorts of mRNAs, would provide a robust basis for the broad compartmentalization of mRNA translation to the ER. Here, we specifically distinguish between ribosome association with the ER and the process of protein translocation. We further speculate that ribosomes that are translating mRNAs with topogenic signals and that are bound to ribosome receptors other than SEC61α could be co-translationally recruited to SEC61 translocons, and that the nascent poly peptide chains could be translocated without a requirement for the translating ribosome to be tightly associated with the protein-conducting channel.
The prominence of the SRP pathway model has carried with it an important implication for ribosome trafficking: that ribosomes exchange rapidly between the ER and cytosol in a manner coupled to the termination of each round of protein synthesis. However, most evidence so far points towards ribosomes associating with the ER across many rounds of protein synthesis. For example, biochemical approaches have pointed towards ribosomes initiating translation while on the ER 31, 96 and maintaining their ER association following termination of protein synthesis 17, 96 . However, a recent in vivo study using a novel ribosome profiling assay to track ribosome trafficking and translation on the ER found that many ribosomes are recruited to the translocon only upon the emergence of a signal peptide, and depart the ER within, at most, a few cycles of translation 97 . Although it is unclear whether this observation provides direct evidence for co-translational targeting to the ER or, alternatively, co-translational lateral diffusion of ER-bound ribosomes to the translocon as postulated above, these conclusions highlight the need to better define the in vivo dynamics of ribosome exchange on the ER. It is difficult to reconcile rapid, translationcoupled ribosome exchange with our developing understanding in which the bulk of ER-bound ribosomes are devoted to the translation of cytosolic protein-encoding mRNAs and are rather stably bound to a diversity of ER ribosome receptors. Thus, if most of the mRNA transcriptome is translated on the ER, these emerging data indicate that assessments of ribosome exchange dynamics are best performed directly, rather than inferred from the compositio n of the translated mRNA pool.
Proteostasis
The status and health of protein folding in the cell.
mRNA-binding proteins as mediators of ER localization.
A solely ribosome-mediated mechanism cannot explain one crucial feature of ER translation: the high enrichment of mRNAs encoding secreted and membrane proteins on the ER 25, 28 . Although approximately half of mRNAs that encode cytosolic proteins are bound to the ER, almost the entirety of the transcriptome encoding secretory and membrane proteins is ER-bound 28 . As noted above, the activity of the SRP pathway also cannot fully explain this localization, as pharmacological inhibition of translation initiation does not substantially modify mRNA localization 27, 28 . Furthermore, ribosomes and mRNAs diverge in their sensitivity to extraction from the ER, with a subset of mRNAs being efficiently retained even after ribosomes are completely extracted from the ER 37, 42, 43 . In addition, neither mutation of the signal sequence nor loss of SRP function markedly compromises the localization of these mRNAs to the ER 37, 98 . These findings point towards a role for the final component of the polyribosome: the mRNA itself and its associated RNA-binding proteins (FIG. 3a) .
An mRNA could be tethered to the ER independently of its translation status. Although covalent mRNA modifications that confer ER binding are plausible 99, 100 , no such modifications have yet been identified, and most attention has been focused on RNA-binding proteins that may serve as ER membrane anchors. Such a protein or complex of proteins would require a transmembrane domain and a domain that binds both tightly and stably to RNA. Several proteins that meet these criteria have been identified by proteomic methods, including p180 (REF. 101 ), ribophorin I (REF. 43 ), and SEC61α and SEC61β 43 . Intriguingly, each of these proteins has, at some point, been proposed to act as a ribosome receptor 78, 79, 94, 102, 103 . The newly identified mRNA-binding activity of these proteins leads to an alternative interpretation of prior results, as it is difficult to formally distinguish mRNA-binding activity from ribosome (rRNA) binding. Future work to validate and characterize RNA-binding sites on these proteins, and to identify the subsets of mRNAs that they anchor, is clearly needed. There are also some additional provocative proposals that other factors contribute to ER affinity. For example, collagen-encoding mRNAs were found to rely on the cooperation between the tubulin cytoskeleton and the RNA-binding protein La-related protein 6 (LARP6) to confer stable localization to the ER 104 . The total impact of the cytoskeleton on mRNA localization to the ER remains to be studied further. Properties of the mRNAs themselves, such as increased uracil content, have also been found to affect ER association 105, 106 . These diverse mechanisms provide a multitude of routes to the ER, enabling the precise regulation of mRNA localization and translation.
Reassessing SRP function in vivo. With the emergence of alternative models for localizing and tethering translation to the ER, it can be considered that the in vivo role of the SRP may be more specialized than generally thought. It is abundantly clear from in vitro studies that the SRP can confer ER association of ribosomes and mRNAs 8 , but its precise in vivo function remains unclear. Studies using knockouts or knockdowns of SRP and/or the SRP receptor have provided some insights into this issue. siRNA-mediated silencing of SRP54 subunit expression has no discernible effect on mRNA partitioning -with mRNAs encoding membrane and secretory proteins retaining prominent ER localization 37, 107 -but does lead to deficiencies in the translocation of a subset of membrane proteins 108, 109 . Furthermore, in yeast, loss of SRP expression is accompanied by the enhanced expression of several cytosolic chaperones 108 , suggesting that the SRP may function more as a chaperone for membrane and secretory proteins than as a universal mediator of translation localization. Together, the bulk of evidence suggests that the SRP ensures that a subset of membrane and secretory proteins are efficiently targeted to the protein conducting channel as they are synthesized, whereas the localization of the mRNA and ribosome to the ER may be conferred by other mechanisms. This separation of protein translocation and mRNA and ribosome targeting into distinct pathways enables a diverse range of mRNAs that encode proteins targeted to all cellular compartments to be translated on the ER. mRNA localization during cellular stress Considering the magnitude of translational compartmentalization to the ER and the unique properties of that compartment compared with the cytosol, the regulation of mRNA localization stands to be an important component of post-transcriptional gene regulation. It is no surprise then that recent studies have begun to link mRNA localization to the ER with the fate of an mRNA during cellular stress response programmes. For example, during oxidative stress, some mRNAs are recruited into stress granules when free in the cytosol, whereas mRNAs that are localized to the ER escape this seqestration 44 . Not surprisingly, examples of biological processes that take advantage of these properties have begun to emerge.
The most prominent and well-understood instance of mRNA localization contributing to the dynamics of gene expression is during the unfolded protein response (UPR), a translational and transcriptional stress response and homeostasis pathway that is activated in response to a build-up of unfolded proteins in the ER lumen 110 . Under these stress conditions, the continuing viability of the cell is fundamentally linked to its ability to reduce the influx of new proteins into the ER, as increasing the protein folding load in the ER would further disrupt proteostasi s. To meet this need, several processes have evolved that regulate translation specifically on the ER. One of these mechanisms involves the post-transcriptiona l splicing of the X-box-binding protein 1 (XBP1) mRNA (mammalian cells) or the HAC1 mRNA (yeast) by the ER membrane stress sensor IRE1α 54, 111, 112 . The unspliced mRNA, which encodes a transcription factor, is itself localized to the ER 113 , bringing it into close proximity of IRE1α. Upon activation of the UPR, IRE1α initiates a non-canonical splicing event, yielding the synthesis of a shorter isoform of XBP1, the encoded protein of which in turn activates UPR target gene expression. In this manner, mRNA localization to the ER can serve as a critical conduit through which information regarding the protein folding status of the ER can be transmitted to the nucleus. In addition, the nuclease activity of IRE1α can be directed towards other ER-associated mRNAs, leading to their preferential degradation in a mechanism known as regulated IRE1-dependent decay (RIDD) 53, 114 . Owing to the enrichment of mRNAs encoding ER-resident proteins on this organelle, this activity results in a reduction of protein flux into the ER, ultimately helping to restore proteostasis. These mechanisms demonstrate that the localization of an mRNA can be a determinate variable in its fate during cell stress; ER localization can determine, in the case of XBP1 or HAC1 mRNAs, whether an mRNA is spliced or unspliced or, for all other mRNAs, degraded or left intact.
Furthermore, mRNA localization can be a rapidly changing, dynamic process. In a recent study, it was found that the thousands of mRNAs that encode secretory and membrane proteins were rapidly and almost uniformly released from the ER upon stress induction, whereas mRNAs that encode cytosolic proteins were essentially unaffected 18 . By removing these mRNAs from the ER and away from the protein-conducting channel, this re-localization suppresses protein flux into the ER lumen and enables the cell time to restore proteostasis. Given the relative stability of ER mRNA localization under most normal, stress-free conditions, this mass re-localization begins to show a surprisingly contrasting picture, whereby some mechanisms of polyribosome binding to the ER can be rapidly eliminated while others remain intact. Altogether, the UPR provides a potent example of how mRNA localization is a critical variable in the post-transcriptional regulation of gene expression.
Conclusions and perspectives
The groundbreaking studies of Palade and co-workers identified a fundamental role for the ER in mRNA translation and for both secreted and non-secreted proteins 3, 14 . In the ensuing decades, equally groundbreaking research has revealed fundamental insights into the mechanisms of protein targeting, translocation, trafficking and secretion. With transcriptomic technologies providing key tools for re-investigating the seemingly minor observation that cytosolic proteins were also translated on the ER, a more general role for the ER in transcriptome expression is emerging, whereby the ER has a fundamental and perhaps primary role in protein synthesis. In addition, it is becoming increasingly clear that the biochemical and regulatory ER translation environment differs from the cytosol (FIG. 4) . Given that ER localization can confer divergent fates on mRNAs, what cellular processes might modify the localization of an mRNA to the ER? Viruses, many of which replicate via ER-localized viral factories 115, 116 , may specifically compartmentalize the translation machinery to suit their own needs 117 . Other cellular programmes, such as B cell differentiation, may regulate ER-localized translation to maintain the appropriate composition of the ER proteome 118 . In these and certainly other instances, the ER is positioned to serve as a critical hub of post-transcriptional gene regulation, and future studies into this regulatory role of the ER will aid our understanding of how cells shape their composition and activity. The coming years will require intense focus on the mechanisms by which the translation machinery is recruited and tethered to the ER so that we may fully understand the role of the ER in gene expression and, more broadly, how such localization shapes the behaviour of the cell. In this schematic, the diverse roles of the endoplasmic reticulum (ER) in global mRNA translation and regulation are depicted. The ER is the entry point of mRNAs encoding secretory and membrane proteins into the secretory pathway. Two modes of localization are shown. a | In one pathway, mRNAs encoding secretory and membrane proteins undergo initiation on free, cytosolic ribosomes and are targeted to the ER via the signal recognition particle (SRP) pathway. b | In the other pathway, many mRNAs, including those encoding secretory and cytosolic proteins undergo direct initiation on stably ER-bound ribosomes. c | Also shown are diverse ribosome receptors that are autonomous to translocation channels. These ribosomes can engage in the synthesis of cytosolic protein-encoding mRNAs, as well as mRNAs encoding topogenic signals. We propose that the receptor-bound, translationally active ribosome encounters an open translocation site by lateral diffusion in the ER membrane, with engagement of the nascent protein at the translocation site bringing the bound ribosome to close physical proximity to the protein-conducting channel. d | MicroRNA (miRNA)-mediated silencing is highly dependent on the ER. For endogenous mi RNAs, RNA-induced silencing complex (RISC) loading, mRNA binding and Argonaute 2-mediated processing are associated with the ER membrane, whereas the cytosolic mi RNAs remain inactive 51, 56 . Thus, compartmentalization subjects mRNAs to distinct regulatory environments depending on their localization, in which ER-localized mRNAs are targeted for silencing but the same mRNA in the cytosol may escape.
